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Thermobifi das are thermophilic, aerobic, lignocellulose decomposing actinomycetes. The Thermobifi da genus 
includes four species: T. fusca, T. alba, T. cellulosilytica, and T. halotolerans. T. fusca YX is the far best characterized 
strain of this taxon and several cellulases and hemicellulases have been cloned from it for industrial purposes 
targeting paper industry, biofuel, and feed applications. Unfortunately, sequence data of such enzymes are almost 
exclusively restricted to this single species; however, we demonstrated earlier by zymography that other T. alba and 
T. cellulosilytica strains encode the same enzyme sets. Recently, the advances in whole genome sequencing by the 
use of next generation genomics platforms accelerated the selection process of valuable hydrolases from 
uncharacterized bacterial species for cloning purposes. For this purpose T. cellulosilytica TB100T type strain was 
chosen for de novo genome sequencing. We have assembled the genome of T. cellulosilytica strain TB100T into 168 
contigs and 19 scaffolds, with reference length of 4 327 869 bps, 3 589 putative coding sequences, 53 tRNAs, and 4 
rRNAs. The analysis of the annotated genome revealed the existence of 27 putative hydrolases belonging to 14 
different glycoside hydrolase (GH) families. The investigation of identifi ed, cloned, and heterologously multiple 
cellulases, mannanases, xylanases, and amylases may result in industrial applications beside gaining useful basic 
research related information.
Keywords: de novo genome project, glycoside hydrolyses, Thermobifi da, cellulases, hemicellulases, amylases
Four species, Thermobifi da fusca, T. alba (ZHANG et al., 1998), T. cellulosilytica (KUKOLYA et 
al., 2002), and T. halotolerans (YANG et al., 2008), constitute the Thermobifi da genus. Several 
cellulases and hemicellulases have been cloned from the best characterized T. fusca YX 
strain. This actinomycete utilizes various plant cell wall polymers, including cellulose as the 
major carbon source, and secretes multiple cellulases: four endoglucanases (Cel9B, Cel6A, 
Cel5A, Cel5B), two exoglucanases (Cel6B and Cel48A), and an endo/exoglucanase (Cel9A), 
which have been characterized in detail (GHANGAS & WILSON, 1988; IRWIN et al., 1998; LAO et 
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al., 1991; JUNG et al., 1993; POSTA et al., 2004). Unfortunately, sequence data of these enzymes 
are almost exclusively restricted to this single species. The complete genome-sequence of T. 
fusca strains were published in 2007 and 2013 (LYKIDIS et al., 2007; TÓTH et al., 2013). Earlier 
we demonstrated by zymography that T. cellulosilytica strains encode the same cellulase 
enzyme set as T. fusca TM51 (KUKOLYA et al., 2002). Despite the high scientifi c and industrial 
potential of hydrolases of T. cellulosilytica, there is only one paper dealing with a cutinase 
from this species (HERRERO et al., 2013).
For facilitating the research on T. cellulosilytica plant polysaccharide degrading enzyme 
system, the full genome sequencing seems the most appropriate and fastest approach. The 
Genomes OnLine Database (GOLD: www.genomesonline.org) (REDDY et al., 2015) currently 
holds 47 509 bacterial genome projects, 3948 of them being completed with closed genomes, 
while 22 739 of them are completed yielding permanent draft. It is worth noting how small 
fraction of the genome projects reaches complete closure. Despite the massive simplifi cation 
and cost reduction offered by NGS technologies, assembling a bacterial genome into 
completely closed chromosome(s) is still a tedious work. Large repetitive elements (rRNA 
clusters, prophage regions, transposable elements, etc.) are diffi cult if not impossible regions 
for the assembler software to accurately resolve that results gaps in the draft genome. 
Finishing a draft to completely closed sequences requires classic molecular (low throughput) 
biology techniques (PCR) and multiple rounds of capillary electrophoresis sequencing.
Our aim was to generate a good quality, scaffolded draft genome of Thermobifi da 
cellulosilytica strain that can be later subjected to automated annotation yielding a 
comprehensive list of biochemical features of the organism. As the main feature of 
thermobifi das is the outstanding cellulose degradation capacity, we focused on the 
identifi cation of the main plant polysaccharide degrading enzyme complexes, namely 
cellulases, hemicellulases, and amylases.
1. Materials and methods
1.1. Chemicals
Unless otherwise indicated, all chemicals herein used were of analytical-grade and purchased 
from Sigma-Aldrich Ltd. (Budapest, Hungary).
1.2. Microorganisms
Ten Thermobifi da strains were used in this study. Thermobifi da fusca TM51, TB107, T. alba 
K51, K52, and T. cellulosilytica K21, TB100T, TB108, and TB110 were isolated earlier from 
the hot region of manure compost (KUKOLYA et al., 1997). T. fusca 27730T and Thermobifi da 
alba 43795T were purchased from American Type Culture Collection (ATTC) and Deutsche 
Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ), respectively.
1.3.  Endoglucanase zymography for selecting T. cellulosilytica strain for de novo genome 
project
1.3.1. Production of crude cellulase enzyme samples for zymography. Thermobifi da strains 
were grown on basal medium (NaNO3, 1.0 g; KCl, 0.3 g; MgSO4  •H2O, 0.5 g; K2HPO4, 1.0 g; 
yeast extract, 0.5 g; peptone, 0.5 g; distilled water, 1000 ml, pH 7.6) containing 0.2% 
carboxymethyl cellulose. For endoglucanase enzyme production, liquid cultures were shaken 
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at 220 r.p.m. for 72 h at 50 °C. After centrifugation, supernatants were treated with EtOH, 
reaching 40% ethanol concentration. The precipitates – representing the crude enzyme 
fraction – were separated by centrifugation at 15 000×g for 15 min at 4 °C.
1.3.2. SDS-PAGE zymography. SDS-polyacrylamide slab gels (0.75 mm thick) were 
prepared according to the method of O’FARRELL (1975). The 10% acrylamide separating gel 
contained 0.1% CMC as substrate to test endoglucanase activity (POSTA et al., 2004). Aliquots 
of 5 μl ethanol precipitated crude enzyme samples were boiled in loading buffer for 5 min. 
Gels were renatured after separation by washing twice with isopropanol solution containing 
(25%, V/V) phosphate buffer (0.1 M, pH 7.0) at room temperature (RT). After this, two 
subsequent washing steps with phosphate buffer (0.1 M, pH 7.0) were applied and gels were 
incubated at 50 °C for 30 min and were stained for visualizing active enzyme bands with 1% 
Congo-red solution.
1.4. De novo genome sequencing
Genomic DNA from T. cellulosilytica TB100T was prepared as previously described (BÉKI et 
al., 2003). Mate-pair genomic library kit (Illumina) was used to construct a genomic library 
from T. cellulosilytica genomic DNA with template sizes between 3 and 6 kb. Samples were 
sequenced on an Illumina MiSeq platfom using 2×250 cycles and V2 sequencing chemistry. 
Mate-pair junction adapter was identifi ed and removed from the raw reads according to the 
manufacturer’s recommendations (Illumina). De novo assembly of the processed MP reads 
was carried out with Mira V 4.0.2 (CHEVREUX et al., 1999) and contigs were scaffolded using 
SSpace 3.0. (BOETZER et al., 2011); draft genome was annotated using RAST (AZIZ et al., 
2008).
1.5. Identifi cation and characterization of polysaccharide hydrolases
For characterizing the main plant polysaccharide degrading enzyme sets (cellulases, 
hemicellulases, and amylases) from the annotated genome, sequences were analysed by 
using the BLAST server (MADDEN et al., 1996). Amino acid sequence and domain structure 
of the selected glycoside hydrolases were determined by Swiss-Prot, EMBL and NCBI 
database queries and by using the Pfam (BATEMAN et al., 2002) and InterPro (MITCHELL et al., 
2015) bioinformatics servers.
2. Results and discussion
2.1.  Endoglucanase zymography to select T. cellulosilytica strain for de novo genome 
project
Crude cellulases of ten different Thermobifi da strains belonging to T. fusca, T. alba, and 
T. cellulosilytica were investigated by endoglucanase zymography. As clearly can be seen in 
Figure 1, endoglucanases produced by Thermobifi da strains are extremely heat stable, as 
these enzymes remained active even after 5 min boiling in loading buffer. According to the 
band pattern, the three Thermobifi da species produce unique and slightly different 
endoglucanases. The number of endoglucanase bands is higher (5–7) in the case of T. alba 
and T. fusca than for T. cellulosilytica (3–6). According to the multiplicity of endoglucanase 
zymogram, T. cellulosilytica TB100T was chosen for the de novo genome project.
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Fig. 1. SDS-PAGE endoglucanase zymogram of Thermobifi da strains. Active endoglucanases were visualized by 
Congo-red staining. Samples: 1: T. alba 43795T; 2: K51; 3: K52; 4: T. fusca 27730T; 5: TM51; 6: TB107; 
7: T. cellulosilytica K21; 8: T. cellulosilytica TB100T; 9: TB108; 10: TB110
2.2. De novo genome sequencing
We have assembled the genome of T. cellulosilytica strain TB100T into 168 contigs and 19 
scaffolds, with reference length of 4 327 869 bps, 3589 putative coding sequences, 53 tRNAs, 
and 4 rRNAs. The analysis of the annotated genome revealed the existence of 27 putative 
hydrolases belonging to 14 different glycoside hydrolase (GH) families.
This whole-genome shotgun project has been deposited at DDBJ/EMBL/GenBank 
under the accession numbers: BioProject; PRJNA289053, BioSample; SAMN03840822, 
NCBI Accession; LGEM00000000.
2.2.1. Cellulases. The cellulase enzyme system of T cellulosilytica (Fig. 2) found in our 
genome project is identical to the well-characterized glycoside hydrolases of T. fusca 
(WILSON, 2004). Characteristic features of the enzymes are summarized in Table 1. Four 
glycoside hydrolase enzyme sets were found that belonged to four independent families. 
Each of the enzyme sets consisted of 4 endoglucanases (endo-β-1,4-glucanase/cellulase, EC 
3.2.1.4), Cel5A, Cel5B, Cel6A, Cel9B (IRWIN et al., 1993; JUNG et al., 1993; ZHANG & WILSON, 
1997; POSTA et al., 2004), one processive endoglucanase, Cel 9A (SAKON et al., 1997), and 
two cellulose chain reducing cellobiohydrolases. One of them (Cel 48A, EC 3.2.1.176) is 
acting on the reducing, the other one, Cel6B (cellobiohydrolase, EC 3.2.1.91), is on the non-
reducing end (ZHANG et al., 1995; BARR et al., 1996).
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Fig. 2. Domain structure of cellulases encoded by T. cellulosilytica TB100T. SP: signal peptide; 
CBM: carbohydrate modules; FN3: fi bronectin type domain; IG: immune globulin like domain; PKD: polycystic 
kidney disease protein like domain
A common feature of extracellular enzymes of T. cellulosilytica is the complex domain 
structure, where both catalytic domain and hydrophobic substrate binding modules, like 
CBD 2, 3, and 6 types, FN3 and IG modules, and PKD domains are present (Figs 2–5). 
Additionally, linker sequences with characteristic motives can be found between domains of 
cellulase enzymes except enzymes of the GH9 family (Table 1). These might have a role in 
post-translational modifi cations providing cleavage sites for specifi c proteases. By this 
mechanism there is a possibility for the representation of “only catalytic site” enzymes that 
can hydrolyse shorter, water soluble polymers/oligosaccharides. Such maturation mechanism 
can be responsible for the increased number of active bands on the zymogram (Fig. 1), since 
more bands are visualized than could be expected after the number of endoglucanases 
encoded on the genome.
There were also two intracellular GH1 family beta-glucosidases (EC 3.2.1.21) and a 
GH3 family hypothetical glucan 1,3-β-glucosidase (EC 3.2.1.58) found. Interestingly, the 
latter enzyme seems to be intracellularly located in spite of encoding for complex 
polysaccharide binding domains (FN3 and CBD6).
2.2.2. Hemicellulases. The identifi ed hemicellulases from the annotated genome are 
shown in Figure 3, their features are summarized in Table 1. The hemicellulases of 
T. cellulosilytica show total homology to the xylanases, mannanases, and xyloglucanases 
identifi ed in T. fusca genome project. The polysaccharide binding domains of this enzyme 
group are less diverse compared to the cellulases: the extracellular enzymes belong to CBM2 
type without exception. Interestingly, a TAT signal sequence of GH74 xyloglucanase enzyme 
(EC 3.2.1.151), which refers to the presence of transport system specifi c for Streptomyces, 
was identifi ed. This enzyme was formerly described in T. fusca (IRWIN et al., 2003). The 
mannanases among the hemicellulases consist of an intracellular GH2 mannosidase and an 
extracellular GH5 endomannanase. From T. fusca only the mannosidase enzyme was 
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described so far (BÉKI et al., 2003), the endomannanase has not been published yet. T. 
cellulosilytica encodes the following xylanases: two GH10 and one GH11 extracellular 
endoxylanases (endo-1,4-β-xylanase (EC 3.2.1.8) and one GH43 intracellular beta-xylosidase 
(EC 3.2.1.37)). Although the fi rst Thermobifi da crystallized hydrolase, a GH11 endoxylanase, 
was published in 1996 (HILGE et al., 1996) and after that a GH10 endoxylanase from T. alba 
was published (BLANCO et al., 1997), the Xyl10B enzyme has not yet been described.

Fig. 3. Domain structure of hemicellulases encoded by T. cellulosilytica TB100T. SP: signal peptide; 
TAT: streptomyces transport signal; CBM: carbohydrate modules; IG: immune globulin like domain; 
CAL: carbohydrate binding; SBD: sugar binding domain

Fig. 4. Domain structure of amylases encoded by T. cellulosilytica TB100T. SP: signal peptide; CBM: carbohydrate 
module
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Fig. 5. Domain structure of proteins harbouring carbohydrate binding modules produced by T. cellulosilytica 
TB100T. SP: signal peptide; CP: cytoplasmic module; TM: transmembrane protein; ChBM: chitin binding module; 
CBM: carbohydrate module; SGNH: hydrolase domain; CE: carbohydrate esterase domain
2.2.3. Amylases. The amylase system of T. cellulosilytica consists of 9 identifi ed 
enzymes, one of which (amylomaltase or 4-α-glucanotransferase, EC 2.4.1.25) is from the 
family GH77, and 8 are from the family GH13. The single extracellular member of the system 
is enzyme Amy13A, bearing a CBM20 amylose binding domain N-terminally (Fig. 4). The 
high number of intracellular GH13 enzymes presumes a distinct function, which is supported 
by the extremely wide substrate spectrum, the mechanism of actions, and prevalence of this 
hydrolase family among bacteria (according to the Cazy database, 24605 genes coding this 
enzyme has been identifi ed to this day): α-amylase (EC 3.2.1.1); pullulanase (EC 3.2.1.41); 
cyclomaltodextrin glucanotransferase (EC 2.4.1.19); cyclomaltodextrinase (EC 3.2.1.54); 
trehalose-6-phosphate hydrolase (EC 3.2.1.93); oligo-α-glucosidase (EC 3.2.1.10); 
maltogenic amylase (EC 3.2.1.133); neopullulanase (EC 3.2.1.135); α-glucosidase (EC 
3.2.1.20); maltotetraose-forming α-amylase (EC 3.2.1.60); isoamylase (EC 3.2.1.68); 
glucodextranase (EC 3.2.1.70); maltohexaose-forming α-amylase (EC 3.2.1.98); maltotriose-
forming α-amylase (EC 3.2.1.116); branching enzyme (EC 2.4.1.18); trehalose synthase (EC 
5.4.99.16); 4-α-glucanotransferase (EC 2.4.1.25); maltopentaose-forming α-amylase (EC 
3.2.1.-); amylosucrase (EC 2.4.1.4); sucrose phosphorylase (EC 2.4.1.7); malto-
oligosyltrehalose trehalohydrolase (EC 3.2.1.141); isomaltulose synthase (EC 5.4.99.11); 
malto-oligosyltrehalose synthase (EC 5.4.99.15); amylo-α-1,6-glucosidase (EC 3.2.1.33); 
α-1,4-glucan: phosphate α-maltosyltransferase (EC 2.4.99.16).
The research on Thermobifi da amylases is a neglected area, only two enzymes are 
mentioned in the literature: GH77 amylomaltase of Thermobifi da fusca (YANG & LIU, 2007) 
and a GH13 trehalose synthase (WEI et al., 2004).
2.2.4. CBM containing proteins. Five extracellular proteins containing carbohydrate 
binding modules could be identifi ed in the annotated genome. Three of them are acetyl xylan 
esterases (EC 3.1.1.72) bearing one module of CBM2 in C- or N-terminal positions. There 
are also three proteins without catalytic domain, the fi rst bearing the CBM2 module, bound 
to cell surface, indicated by its transmembrane region. The function of this protein could be 
similar to the cellulose anchoring protein of Streptomyces reticuli (WALTER et al., 1998). The 
other two show chitin binding module homology, the role of these is yet totally unknown in 
thermobifi das (Fig. 5).
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3. Conclusions
Thermobifi da cellulosilytica strain TB100T was chosen for de novo genome project based on 
the highest number of isoenzyme bands on endoglucanase zymogram. Strain TB100T has a 
complex endoglucanase isoenzyme pattern like T. fusca and T. alba. According to the band 
pattern, the three Thermobifi da species produce unique and slightly different endoglucanases. 
The good resolution of the endoglucanase zymogram enables the identifi cation of unknown 
thermobifi da isolates. The number of endoglucanase bands is higher (5–7) than the formerly 
described endoglucanases (Cel5A, Cel5B, Cel6A, Cel9A) of T. fusca YX strain (WILSON, 
2004). The probable explanation could be found in the post-translational modifi cations of the 
modular enzymes, during which a protease splits the cellulases into a catalytic and a cellulose-
binding domain, increasing the number of isoenzymes.
Based on the chosen T. cellulosilytica TB100T de novo genome project, the genome 
shows great similarity to the two already available genomes of T. fusca. The assembled 
genome of T. cellulosilytica strain TB100T contains 168 contigs and 19 scaffolds, with 
reference length of 4 327 869 bps. The T. cellulosilytica TB100T genome size is larger by 0.7 
Mbp than the T. fusca TM51 (TÓTH et al., 2013) or YX (LYKIDIS et al., 2007) genomes. 
Despite the larger genome size, the complexity of the glycoside hydrolase system, taking part 
in the degradation of plant polysaccharides of TB100T strain, is identical to T. fusca YX 
(WILSON, 2004) and TM51 strains (TÓTH et al., 2013), additional enzymes were not found. 
The analysis of the annotated genome revealed the existence of 27 putative hydrolases 
belonging to 14 different glycoside hydrolase (GH) families (CANTAREL et al., 2009). GH13 
is the largest glycoside hydrolase family in TB100T, with eight enzymes predicted to exhibit 
mainly dextran- and starch-degrading functions. Thermobifi das may become important 
industrial strains due to their thermostable and robust polysaccharide-degrading enzymes 
(DHAWAN & KAUR, 2007; YANG et al., 2007). The 83–87 percent amino acid sequence similarity 
of the glycoside hydrolases of Thermobifi da species seems to be low enough to exhibit 
differences in the biochemical properties compared to other T. fusca enzymes. This can be 
clearly seen in the endomannanase zymograms of thermobifi das, where endomannanases of 
T. cellulosilytica strains proved to be the least heat stable. The genome project sequence of T. 
cellulosilytica makes the cloning of homologous, known enzymes of fusca-origin or unknown 
glycoside hydrolase enzymes not yet described from thermobifi das possible. Thus, enzymes 
encoded by Thermobifi da cellulosilytica TB100T may play a key role not only in pure science 
but in further industrial applications, like lignocellulose-based ethanol-producing projects, 
prebiotics production, and as sources for feed additives.
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